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Hydrogen cyanide (HCN) was detected in Comet Hale–Bopp at
infrared wavelengths near 3.0 µm on four dates between Feb 24.0
and May 1.0 1997 using high-resolution spectroscopy. The average
rotational temperature retrieved for the (001) vibrational level on
UT 1997 April 29.9 was (95± 6) K near the nucleus, increasing
to (122± 8) K in the intermediate coma (4′′–10′′ off the nucleus).
The HCN production rate on April 29.9 was (3.09± 0.13)× 1028

molecules s−1. When compared with the water production rate
obtained from direct measurements of the H2O 100-010 band on
common observation dates using the same instrument and data
processing algorithms, the weighted average (for the four dates) of
the relative abundance (HCN/H2O) was (0.40± 0.05)%. The mea-
sured spatial distribution for HCN is consistent with its release at
the nucleus—no significant contribution from a distributed source
is required within 10,000 km of the nucleus. c© 1999 Academic Press

Key Words: comets, Hale–Bopp; composition; infrared observa-
tions; hydrogen cyanide.

INTRODUCTION

i
i

on Earth (Ferris and Hagan 1984). Yet Earth formed in a hot neb-
ular region (∼1000 K, cf. Boss 1998), where preplanetary solids
were depleted in the low-Z elements (e.g., H, C, N, O) normally
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Hydrogen cyanide (HCN) is a key intermediary for synthe
of biochemical compounds on Earth—its presence in monom
and/or polymeric form in liquid water can lead to amino ac
formation, without which life as we know it would not exist (Or
1961, Oroet al. 1992). A tetramer of HCN (diaminomaleon
trile) may have played a key role in prebiotic chemical evolut
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found in ices and low temperature organic refractories (McK
1991). These elements (and HCN) would have been seve
underabundant on early Earth had not some later enhance
occurred. A current view is that Earth’s volatile inventory w
enriched by infall of comets, asteroids, and interplanetary d
during the late heavy bombardment phase of the early S
System (cf. Chybaet al. 1994).

Comets such as Hale–Bopp formed in the Jupiter–Nept
region where low temperatures permitted them to retain “
tive” frozen volatiles (cf. Mummaet al. 1993). They later were
ejected by the growing giant planets, and those which form
the Oort cloud remained in the distant Solar System until be
injected again into the planetary region, reappearing as dyn
ically “new” comets. After a few passes through the planet
region, they can be perturbed into orbits such as that of Co
Hale–Bopp. Because they never experienced high temperat
the interiors of these cometary nuclei are thought to retain t
natal ices. If so, they are the least modified bodies remain
from the formative phase of the Solar System. Their pres
composition and structure represent a fingerprint of chem
and physical conditions during their formation, which provi
clues as to the types of material brought to prebiotic Earth
comets and interplanetary dust, bodies which carry a var
of organic ices and dust (Mummaet al. 1993, Mumma 1997,
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INFRARED OBSERVATIONS OF HYDR

Schulzeet al. 1997). The survival of specific chemicals fro
the largest impactors depends on detailed processes durin
collision (Chyba and Sagan 1992), but many small bodies re
Earth’s surface intact. Analysis of carbonaceous chondrites
most primitive meteorites) and of interplanetary dust partic
(comet debris) shows that small bodies deliver an inven
of exogenous complex organics to Earth’s surface even to
(Clemettet al. 1993, Cronin and Chang 1993).

The form and abundance of hydrogen cyanide in comets
particular interest in the context of exogenous delivery of
key prebiotic chemical. HCN is a known component in com
and is thought to be present as a native ice in the come
nucleus—a so-called “parent” species—where it could exis
both monomeric and polymeric forms. Its abundance relativ
other nitrogen bearing species (e.g., NH3, N2) can indicate the
temperature of formation and the kind and degree of proc
ing experienced by precometary material, whether in the n
cloud or in the solar nebula (Mummaet al. 1993). If monomeric
HCN were sufficiently abundant in native cometary ice, a po
meric or oligomeric form could coexist there or could for
during warming (Rettiget al. 1992). Hydrogen cyanide readi
forms linear hydrogen-bonded addition polymers (Pauling 19
PimentelandMcClellan1960),whichcouldprovideadistribu
source of HCN monomers if carried into the coma. The p
ence of a distributed source for HCN could imply the rele
of addition polymers of HCN, release of hydrogen-bonded
erodimers such as H2O : HCN, or production of HCN monomer
by chemistry in the coma. In the presence of a base (e.g., N3,
N2H4), HCN can also reorder into valence-bonded oligom
(Völker 1960). Being less volatile than the monomer and a
tion polymers, HCN oligomers could reside on the surface
comet nucleus for long intervals (Matthews and Ludicky 19
or be carried far into the coma before dissociating. Oligom
such as biologically significant diaminomaleonitrile ((HCN4)
could provide a distributed source of NH2, C2, and CN (Huebner
et al. 1989) but not of HCN itself. Thus, the spatial distributi
of HCN in the coma may indicate the nature of its sources, an
abundance can provide limits for production of the CN daug
species observed extensively at optical wavelengths (Bockee-
Morvan and Crovisier 1985).

In this paper we report spectroscopic observations of H
in C/1995 O1 Hale–Bopp at infrared wavelengths near 3.0µm.
From them, we obtain the absolute production rate of HCN
its spatial distribution in the coma, along with the rotatio
temperature and its spatial variation. We use these data to o
insights regarding the release of HCN from this comet.

BACKGROUND

HCN emits radiation in millimeter and infrared regions v
rotational and rovibrational transitions, respectively. A det
tion of cometary HCN was first claimed at millimeter wav
lengths in Comet Kohoutek 1973 XII (Huebneret al. 1974),

and upper limits of its abundance were obtained for numero
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comets thereafter (Bockel´ee-Morvanet al. 1984, Irvineet al.
1984). HCN was first securely detected in Comet 1P/Hal
and was studied extensively throughout that apparition (Des
et al.1986, Bockel´ee-Morvanet al. 1986, 1987, Schloerbet al.
1987, Winnberget al. 1987), confirming HCN as a progen
tor for some but not all of the CN observed at optical wav
lengths. After Halley, HCN was detected and characteri
in numerous comets (Bockel´ee-Morvan et al. 1990, 1994,
Crovisieret al. 1993, Palmeret al. 1990, Woottenet al. 1994).
However, these measurements were all made at low spatia
olutions so they shed little light on the distribution of HC
within the inner coma or on mechanisms responsible for
release.

In Hale–Bopp, many groups observed and tracked HCN p
duction at millimeter wavelengths (Biveret al. 1997, 1999,
Despois 1999, Liset al. 1997, Lovellet al. 1998, Raueret al.
1996, Schloerbet al. 1996, Womacket al. 1998, Woodneyet al.
1998). The distribution of HCN was mapped using both sin
aperture telescopes (Lovellet al. 1998, Womacket al. 1998)
and interferometers (Bockel´ee-Morvanet al. 1998, Vealet al.
1998, Wrightet al. 1998), providing the potential for separate
identifying native and distributed sources for HCN on spat
scales larger than the respective instrumental resolutions. T
spatial resolutions ranged from 15–20 arcsec for single aper
telescopes to 10 arcsec for the BIMA array and 3–4 arcse
the IRAM Plateau de Bure Interferometer.

Improved spatial resolution can be obtained at infrared wa
lengths, owing to the linear decrease in diffraction limit wi
wavelength for comparably sized telescopes. Prospects fo
tecting cometary HCN through vibrational infrared fluorescen
were explored by Crovisier (1987). For a time, sensitive searc
were not possible, but recent advances in instrumentation e
led detection of HCN at infrared wavelengths in Comets C/19
B2 Hyakutake and C/1995 O1 Hale–Bopp (Brookeet al. 1996,
1998, Magee-Saueret al. 1997, 1998, Mummaet al. 1996,
Weaveret al. 1999).

OBSERVATIONS AND RESULTING SPECTRA

We obtained spectroscopic observations of C/1995 O1 Ha
Bopp using the CSHELL cryogenic echelle grating spectrom
ter (Greeneet al. 1993) at the NASA Infrared Telescope Fac
ity on Mauna Kea, Hawaii. CSHELL incorporates a 256× 256
InSb array detector having 0.2′′ pixels. The slit (1′′ × 30′′) cor-
responds to spatial dimensions of approximately 725∗1 km in
width and 21,800∗1 km in length (oriented east–west) at th
comet (1 is the geocentric distance, in AU). Acquired fram
contain spectral–spatial images of cometary emissions. Th
provide spatially resolved spectra at a spectral resolving po
of approximatelyν/1ν∼ 2× 104 (when the source fills the slit)
sufficient to resolve individual cometary emission lines. The
tensity profile of cometary emissions along the slit provides
information needed to separate direct (nuclear) and distribu

ussources. Although recorded at 0.2′′ per pixel, the data were later



U

o

-

e

a
h
d
w
o
l
g
t

n
d

v
a

,
i

i
i

w to
al
ted
nal-
rum
sses

fully
ere.

riate
f ab-
trum.
of

vel.
this
um
as
ne
ler-

of

am-
ted

on
D).
e–
fter
hen
ines
tary

ased
-

A).
pec-
uer
N
ined

ded
at

R7
500 MAGEE-SA

FIG. 1. Comet Hale–Bopp imaged through a 3.5-µm CVF on UT 1997
April 29.9. Contours represent increments of 400 counts/s (1 count/s=∼1×
10−19 Watts/m2/cm−1). The 1′′ × 30′′ second slit was centered at the position
the brightest cometary emission through the CVF. For this date (1= 1.753 AU),
the width of the slit was 1270 km.

binned to a spatial resolution of 1′′ or more to improve the signal
to-noise ratio.

Most observations occurred during daytime when the te
scope’s autoguiding capability was not useable, so we cent
the comet within the slit by imaging at 3.5µm through a cir-
cular variable filter (CVF) (Fig. 1). The comet’s position w
checked and updated by imaging at regular intervals, and t
images document the general morphology of the dust flow
ing the observations. Guide rates were continually upgraded
these measurements; although not perfect, tracking of the c
throughout the course of a frame was acceptable within the
its of atmospheric seeing. Spectra were acquired at each
ing setting by taking two frames with the slit centered on
comet (“a”) and two with the slit displaced 120′′ off the comet
(“b”), in an “abba” sequence. Each sequence was immedia
followed by flat fields (using an internal continuum lamp) a
dark frames. Exposure times on source were typically limite
60 s per frame to minimize cometary drift during the sequen
Absolute flux calibration of the cometary spectra was achie
using observations of infrared flux standard stars through′′

slit to ensure inclusion of the total stellar flux.
First order processing of the data included sky subtraction

fielding, removal of high dark current pixels and cosmic ray h
and removal of floating bias current. Curvature of the CSHE
optics causes the spectrum to droop from left to right. This w
corrected column-by-column, so that a spatial position on
sky fell along a single row of the detector. Also, the dispers
varied from top-to-bottom on the frame. Atmospheric emiss

lines were used to measure the absolute spectral calibration a
ER ET AL.
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each row, and the cometary frame was resampled row-by-ro
provide uniform dispersion over the length of the slit. Individu
“a minus b” frames (representing net comet signal) were shif
to a common detector row and coadded to improve the sig
to-noise ratio for each grating setting. We used the Spect
Synthesis Program (Kunde and Maguire 1974), which acce
the HITRAN 1992 molecular data base (Rothmanet al. 1992),
to establish an absolute frequency scale and to model the
resolved transmittance spectrum of the terrestrial atmosph
We generated a 20-layer model atmosphere with approp
temperature and pressure profiles using column burdens o
sorbing gases matched to those observed in the comet spec
The optimized model was binned to the spectral resolution
the cometary spectrum and normalized to the continuum le
Cometary molecular emissions were obtained by subtracting
normalized synthetic continuum model from the comet spectr
(cf Fig. 2). The true line flux at the top of the atmosphere w
obtained by dividing the total flux of the cometary emission li
by the fully resolved atmospheric transmittance at the Dopp
shifted line position.

We detected numerous rovibrational spectral lines of theν3

band of HCN on multiple dates (Table I). The spectral grasp
each grating setting spans three rovibrational lines of theν3 band
of HCN, so four grating settings were needed to adequately s
ple its rotational population distribution. Spectra were extrac
from the processed frames by coadding five rows centered
the nucleus, for each of the four grating settings (Figs. 2A–2
Due to the high continuum levels exhibited in Comet Hal
Bopp, cometary emission lines are more easily recognized a
continuum subtraction. However, care must be exercised w
interpreting residuals in the cores of the strong atmospheric l
where the model may not adequately represent the come
continuum and atmospheric spectral emission leads to incre
noise. The 3-µm region is rich in cometary molecular line emis
sions. Other species detected in these spectra (e.g., C2H2, NH2,
OH, and NH3) will be reported elsewhere.

Several unidentified emissions appear in our spectra (Fig. 2
These unknown features are consistently present in all s
tra in both comets Hale–Bopp and Hyakutake (Magee-Sa
et al. 1998) and typically display intensities comparable to HC
emissions. A search of several molecular data bases determ
that the emissions could not be attributed to molecules inclu
there. Infrared transitions from species newly discovered

TABLE I
HCN Detections in Hale–Bopp

Date(s) rh 1

(UT 1997) (AU) (AU) HCN lines detected

Feb. 24.0 1.114 1.567 P2, P3, P4, P6, P7
April 6.1 0.918 1.397 P2, P3, R6
April 29.9 1.047 1.753 P2, P3, P4, P7, P8, P11, R6,
long
May 1.0 1.057 1.770 P3, P4, P5, P7
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FIG. 2. Flux-calibrated spectra of Comet Hale–Bopp for four grating settings obtained on UT 1997 April 29.9. Each figure shows cometary continu
molecular emission lines (solid curve), normalized atmospheric transmittance spectrum (dashed line), and their difference (multiplied by four).As seen in (A)–(D)

the 3-µm region is rich in cometary molecular line emissions. HCN, C2H2, OH, NH2, NH3, and unknown species were detected.†The HCN P4 line includes a
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minor contribution from the R1 rovibrational line of C2H2.

millimeter wavelengths (Bockel´ee-Morvanet al. 1999) were
carefully considered and eliminated. The spatial profiles of
unidentified emissions were consistent with a parent vola
distribution. The fact that the emissions were relatively bri
suggested that the product of column density and fluoresc
efficiency for the unknown species must be comparable to
of HCN. Possibilities range from a strong band of a compara
abundant species to a weak band of a more abundant spe
Frequencies for lines from several weak “hot” bands of H2O
were obtained using the combination of differences method,
many lines fall in the 3-µm region. Our two strongest emission
are preliminarily consistent with the 2ν1− ν1 band of H2O, how-
ever more complete band modeling is needed to permit a se
identification.

ROTATIONAL TEMPERATURES

To obtain a production rate for HCN, it is first necessary

determine its effective rotational temperature at each posi
the
tile
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cies.
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s
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along the slit. For a simple linear molecule such as HCN, t
relative intensity of each rovibrational line in emission is give
by

Iem= Cem

Qr
N001ν

4(J ′ + J ′′ + 1)e−B′ J ′(J ′+1)hc/(kT),

whereν is the frequency of the transition (cm−1), J ′ andJ ′′ are
the upper and lower rotational quantum numbers respectiv
B′ is the rotational constant of the (001) vibrational level,Cem

is a geometrical constant,Qr is the rotational partition func-
tion of the molecule, andN001 is the column density in the
(001) vibrational level (Herzberg 1950). We takeB′ = B′′ =
1.47 cm−1. The effective rotational temperature (T) in the (001)
level of HCN is readily determined by comparing (k/hcB′)
ln[( Iem/ν

4 (J ′ + J ′′ + 1)] againstJ ′(J ′ + 1) for the lines ob-
served. A weighted least squares linear fit has a slope of−1/T .

Eight rovibrational lines of HCN were measured on UT 199

tionApril 29.9 within approximately a one hour time interval
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FIG. 3. Rotational temperature analysis for 8 rovibrational lines of HCN
UT 1997 April 29.9. (A) Line intensities extracted from a 1′′ × 1′′ box centered
on the nucleus. (B) Line intensities extracted from a region extending 4′′–10′′
from the comet nucleus. The retrieved rotational temperature (Trot) was 95±
6 K for the nuclear centered extracts and increased to 122± 8 K for the 4′′–10′′
region. The intensity of the P4 line includes a minor contribution from the
rovibrational line from C2H2. If the P4 line is omitted from the fit, the retrieve
temperature does not change for nuclear centered extracts and increases
for the 4′′–10′′ extract.

(minimizing possible temporal variability). A spatial profile wa
obtained for an individual emission line by summing over
spectral extent in a processed cometary frame. The resu
“strip” included cometary line emission, dust continuum, a
uncanceled sky (if any). The cometary molecular line em
sion was isolated by subtracting another strip which includ
only continuum; corrections were applied when the atmosph
transmittance and/or residual background levels differed for
two strips. Line intensities and rotational analyses for two
sitions are shown in Fig. 3, and derived rotational temperatu
are shown in Table II.

A similar approach was used for regions displaced in b
eastward and westward directions from the nucleus, but
able rotational temperatures within a 1′′ × 1′′ aperture could be

retrieved only within 3 arcsec of the nucleus, owing to signa
ER ET AL.
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TABLE II
Spatial Dependence of Rotational Temperature of the ν3 Band

of HCN (UT Date 1997 April 29.9)

Offseta Average east/west East of nucleus West of nucle

0′′ 95± 6 — —
1′′ 107± 10 109± 5 100± 4
2′′ 120± 14 133± 10 111± 6
3′′ 123± 15 129± 14 129± 12

4′′–10′′ 122± 8

a Rotational temperatures are extracted using fluxes in a 1′′ × 1′′ box centered
at the offset distance. The final entry (4′′–10′′) is derived using the weighted
average of the combined fluxes in a region extending 4′′–10′′ from the nucleus.

to-noise considerations (Table II, Fig. 4). Our results sugg
that the rotational temperature increases in each direction
around 3′′ from the nucleus, as expected if thermalization
fast H atoms produced by photolysis of H2O and/or electron
collisions heated the coma in this region (cf. Bockel´ee-Morvan
and Crovisier 1987, Xie and Mumma 1992). We see a sim
effect for CO on multiple dates (DiSantiet al. 1999). Rotational
temperatures obtained for HCN on other dates for 1′′ × 1′′ re-
gions centered on the nucleus are consistent with the res
for UT 1997 April 29.9, however the uncertainties are larg
because fewer lines were measured on those dates (Tab
Table III).

FIG. 4. Retrieved rotational temperatures (Trot) as a function of line-
of-sight distance from the nucleus. Each point represents the retrievedTrot
from average line intensities extracted using a 1′′ × 1′′ box at positions of 0,
±1′′, ±2′′, ±3′′ from the nuclear centered position. Outside of 3′′ (∼4000 km),
the box size increased to include a region 4′′–6′′ and 6′′–10′′ from the nuclear
centered position. The retrievedTrot increases with distance from the nucleus,
expected if thermalization of fast H atoms produced by photolysis of H2O and/or
electron collisions heated the coma in this region (Xie and Mumma 1992).
error shown for each point is the stochastic error. A systematic error contrib
an additional uncertainty of∼10 K to each retrievedTrot and is the same for

l-each offset.
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TABLE III
HCN Production Rates and Rotational Temperatures in C/1995 Hale–Bopp

Date T0rota βb
0 T4–10rotc βd

4–10 Fe Q f
HCN QHCN/Qg

H20
1997 (UT) (K) (%) (K) (%) (10−17 W m−2) (1028 mol s−1) (%)

Feb. 24.0 95± 10 29 120h 25 8.5 2.39± 0.20 0.27± 0.04i

April 6.1 97± 18 14 120h 12 14 5.62± 0.54 0.53± 0.07
April 29.9 95± 6 38 122± 8 36 13 3.09± 0.13 0.46± 0.03
May 1.0 98± 12 25 120h 22 7.1 2.80± 0.36 0.38± 0.05

a The rotational temperature retrieved for a 1′′ × 1′′ region centered on the comet nucleus for the (001) vibrational leve
b β0 is the modeled fraction of the totalν3 band represented by the lines measured for the date in question, assum

rotational temperature ofT0rot.
c The mean rotational temperature for a region extending 4′′–10′′ from the comet nucleus for the (001) vibrational level.
d β4–10 is the modeled fraction of the totalν3 band represented by the lines measured for the date in question, assum

rotational temperature ofT4–10rot.
e F is the total emission flux along the slit between 2′′–10′′ (averaged east–west) from the comet nucleus for all the li

measured on a particular date (representing a fractionβ of the totalν3 band).
f QHCN (global production rate) for a region 2′′–10′′ from the nucleus. The global HCN production rates are sligh

overestimated due to a minor contribution from the R1 C2H2 rovibrational line to the P4 line of HCN. However, the same HC
production rate is retrieved within the experimental error if the P4 line is omitted from our analysis. We estimate the cor
to the total HCN production rate to be less than 2% for a rotational temperature of 120 K andQC2H2/QH2O∼ 0.2%. The exact
contribution will be determined in future work.

gQH2O from measured values (Dello Russoet al. 1999).
h Adopted temperature.
i The measuredQH2O on Feb. 24.0 is significantly higher than predicted by the water production evolution curve deriv

(−1.88±0.18)
Dello Russoet al. (QH2O= (8.35± 0.13)× 1030[Rh ]). If the evolution curve value is used, the relative abundance
(QHCN/QH2O) is 0.35± 0.04.
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SPATIAL PROFILES AND PRODUCTON RATES

The “spatial profile” for line or continuum emission is a me
sure of the distribution of intensity along the slit (Dello Rus
et al. 1998, DiSantiet al. 1999). The spatial profile for a specie
released solely and uniformly at the nucleus, and expan
outward with constant velocity, should show aρ−1 distribution
(ρ= projected distance from the nucleus). A species havin
distributed contribution (e.g., CO) will fall off more slowly tha
ρ−1. However, properties of the comet (e.g., outflow asymm
tries) and observing conditions (primarily seeing and track
errors) cause deviations fromρ−1 even in the absence of a dis
tributed source (Dello Russoet al. 2000). For this reason, it i
important to compare spatial profiles of volatiles and dust
multaneously obtained), since seeing and drift will affect e
in the same manner.

All HCN rovibrational lines sampled on a common day we
summed and this partial band profile (e.g., 36% of the expe
total band intensity on UT April 29.9) was compared with t
profile of the (normalized) continuum emission (Fig. 5). The s
tial profiles were examined to determine whether the distribu
of HCN was characteristic of release at the nucleus alone or i
lease from a distributed source is also required. For all dates
HCN profile is approximately east–west symmetric at all po
tions about the nucleus, while the continuum profiles reveal
nificant asymmetry (Figs. 1 and 5). The spatial distribution o
tile released at the nucleus should be more isotro
a-
so
s
ing

g a
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e
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than dust, owing to collisional effects (Combi 1996, Xie an
Mumma 1996a, 1996b).

An effective “spherical” production rate (Q, molecules s−1)
may be derived from the intensity measured at a specific locati

FIG. 5. Spatial profile of HCN, dust, and point spread function (star). Th
HCN profile (points) is east–west symmetric about its peak emission at
positions offset from the nucleus. The continuum profile (solid line, scaled
the peak of the cometary HCN profile) reveals significant asymmetry, being m
extended toward the west (see Fig. 6B). The spatial profile of a star (dashed l
illustrates the point spread function, which was limited by seeing (FWHM∼ 2′′).

picAll profiles are normalized to a common value centered on the nucleus.
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using the (idealized, but useful) assumption of uniform spher
outflow from the nucleus. A spherical production rate is obtain
from

Q = 4π12F

(hcν)g1τ1 f (x)β
,

whereF is the measured partial band emission flux (W m−2) at
the top of the atmosphere,f (x) is the fraction of the total HCN
coma burden contained within the sampled region (Hobanet al.
1991), g1 is the band fluorescence efficiency (3.88×
10−4 photons s−1 molecule−1 at 1 AU, Varghese and Hanso
1984, Crovisier 1999, personal communication),β is the frac-
tion of the band intensity contained within the measured lin
τ1 is the lifetime of the HCN molecule (6.67× 104 seconds at
1 AU, Bockelée-Morvan and Crovisier 1985), and hcν is the en-
ergy per photon (J). For projected distances much smaller
the scale length of HCN, this relation is nearly independent of
specific value of the lifetime. For an outflow velocity of 1.1 km
(cf. Biver et al. 1999), the scale length is 7.3× 104 km at 1 AU
(corresponding to about 58 arcsec for geocentric distanc
1.753 AU).

The partial band intensity (F) is the sum of the measure
individual line intensities within the aperture in question. T
fractionβ is obtained by band modeling using the measured
tational temperature of the (001) vibrational level (or an adop
one if too few lines were measured) and assuming that it refl
the rotational temperature of the (000) ground level. Chin
Weaver (1984) examined the relationship between the rotati
population of thev= 1 andv= 0 vibrational levels of CO, us
ing a model that included both collisional and radiative effec
They showed that the rotational distribution inv= 1 retains in-
formation from the rotational distribution of the ground lev
since radiative rates dominate excitation and decay proce
As a result, the rotational population of thev = 1 is quite simi-
lar to thatv= 0, and reflects the LTE distribution of the groun
level.

We modeled the HCN populations in (001) and (000)
brational levels by assuming a Boltzmann distribution in
ground vibrational level, and then used radiative excitation
decay rates for 30 rotational levels connecting the ground and
cited vibrational states (Bockel´ee-Morvan and Crovisier 1985
Chin and Weaver 1984). The resulting rotational tempera
in (001) was the same within 1 K to that in 000 at 120 K,
the difference being less than the statistical uncertainty in
measured temperature. We thus calculate the individual ling
factors using the measured rotational temperature of the (
vibrational level and do not account for slight differences in
rotational temperature between the (000) and (001) vibratio
levels.

We calculated a production rate from the summed emiss
profiles of the measured lines (6Fi ) using the sum of their indi-
vidual lineg factors (βg =6g ). The fractional band inten
band i

sity (β) represented by the sampled lines depends on the spe
ER ET AL.
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lines sampled and on the rotational temperature. We used b
fractions based on the retrieved temperatures when avail
(Table III). On April 29.9, our retrieved rotational temperatur
ranged from 95 K near the nucleus to 123 K at 3′′ offset, and we
adopted a temperature of 120 K at greater distances. For t
eight lines,β is only weakly dependent on temperature—it d
creases from 38 to 36% as the temperature increases from
120 K. For all other dates,β is only weakly dependent on rota
tional temperature (Table III) so production rates are not hig
sensitive to the uncertainty in the adopted rotational temperat
Subtle differences between the retrieved rotational tempera
of the (001) vibrational level and that assumed for the grou
level would not significantly affect our derived HCN productio
rates.

Spherical production rates were evaluated for a 1′′ × 1′′ box
at positions centered on the nucleus and stepped along the s
increments of 1′′ (Fig. 6A). Errors were estimated from the dev
ation of the spatial profile from a fitted Gaussian+ polynomial
profile. While we do not observe asymmetry in production ra
for HCN, we take an east–west average to improve the sig
to noise of the data. This “symmetrized” production rate
creases from the nucleus-centered value to a terminal valu
∼2000 km from the nucleus for both HCN and dust (Fig. 6C
The terminal value is taken as the total or “global” producti
rate, QHCN or Qdust. We compare the global production ra
(QHCN) with that for water obtained from direct measuremen
of the H2O 100–010 band on common observation dates (De
Russoet al. 2000). The weighted average of the relative abu
dance (HCN/H2O) for the four dates of observation was (0.40±
0.05)%. HCN production rates, rotational temperatures, perc
of band observed, partial band fluxes, and the measured a
dance relative to water for all dates of observation are prese
in Table III.

The initial off-nucleus increase of the production rate is a
seen in related studies of other parent volatiles (DiSantiet al.
1999, Dello Russoet al. 1998, 2000). Possible reasons for th
effect are discussed in Dello Russoet al. (1998), and include
atmospheric seeing and drift of the comet in the slit. The effe
of seeing are illustrated by generating aQ curve for a stellar
profile convolved with aρ−1 distribution (Fig. 6C). ThisQ curve
also exhibits a similar increase in production rate until reach
a terminal value. Thus, seeing is probably the major reason
nuclear-centered extracts yield lowered production rates.
presence of an extended source would cause theQ curve for the
volatile to reach its terminal value at even greater distances f
the nucleus (depending on the spatial scale for its release)
DiSantiet al. 1999).

DISCUSSION

The significance of HCN as an exogenous biogenic vola
is tied to its abundance and to its chemical form (monom
addition polymer, oligomer) in comets. HCN mixing ratios a

cificpeared to vary greatly among comets (Bockel´ee-Morvanet al.
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cant
mat
FIG. 6. Retrieved production rates for HCN in Comet Hale–Bopp on UT 1997 Apr 29.9. (A) Spherical production rates for HCN derived by stepping a 1′′ × 1′′
box using 1′′ steps east and west of the nucleus out to a distance of 10′′ (12,700 km). Comparison of east (circles) and west (squares) extracts reveals no signifi
asymmetry in HCN. (B) Spherical production rates for dust, east (circles) and west (squares) of the nucleus. The dust production rate was scaled toch the
nucleus-centered production rate of HCN. The destruction scale length of dust was taken to be large compared with the spatial scale of the observations. A strong
asymmetry favoring the sunward direction is seen. (C) Symmetrized production rates for HCN (diamonds) and dust (triangles), derived from a weightedaverage of
east–west production rates. The effect of atmospheric seeing is illustrated by extracting symmetrized production rates from a synthetic spatial profile constructed

by convolving the stellar PSF with aρ−1 profile (x’s).
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1994), but a reanalysis by Biver (1997) with an improved mo
found HCN/H2O to be around 0.1% for all comets measu
except 109P Comet Swift Tuttle where the relative abunda
was∼0.25%. Wrightet al. (1998) reanalyzed the detectio
claimed for Comet Kohoutek (Huebneret al. 1974) and ob-
tained HCN/H2O∼4%. This value far exceeds that for any oth
comet, including Hale–Bopp. The relative abundance of H
to H2O measured by our group (∼0.40%) featured an internall
consistent method for retrieving the respective production ra
Water production rates were obtained from direct measurem
of three vibrational bands of H2O obtained with the same instru
ment and analyzed with the same basic algorithms, using m

parameters appropriate to water (Dello Russoet al. 2000).
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Independent CSHELL observations of HCN on March
3 (Weaveret al. 1999) are probably consistent with our me
surements if a common model and model parameters are u
Weaveret al. deriveQHCN= 8.5× 1027 molecules/s, based o
spectral extracts (1′′ × 2′′) centered on the nucleus, which w
have demonstrated can underestimate the true production ra
a factor of∼2–5, owing to seeing and guiding factors. To com
pare with our measurements, an additional correction (1.1/
is needed since different outflow velocities were assumed. Ba
on the H2O production rate measured on UT March 1.9 (7.63±
0.23× 1030 s−1, Dello Russoet al. 2000) and our derived mixing
ratio (HCN/H2O∼ 4.0× 10−3), we would expectQHCN∼ 3×

28 −1
10 s on UT March 1.9. It is not possible to derive an
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exact universal scaling factor between our observations
those of Weaveret al. Seeing and guiding effects are variable f
individual scans, and other modeling factors related to spe
molecules are important as well. Considering these factors
Weaveret al. measurements ofQHCN on March 2–3 could be
reconciled with our results.

Our absolute production rates for HCN are in agreement w
those obtained from millimeter measurements by Womacket al.
(1998), but are higher by a factor of two when compared to Bi
et al. (1999) and Lovellet al. (1998) for common dates. How
ever, direct comparison of absolute and relative production r
obtained by different groups can be misleading. Agreemen
absolute production rates might be more coincidental than c
sistent when observing approach, beam sizes, model param
(outflow velocity, lifetimes, etc.), and model complexity diffe

Our measured spatial distribution for HCN is consistent w
its release at the nucleus—no significant contribution from a
tributed source is required. Spherical production rates for H
reveal no significant asymmetry (Fig. 6A). This is contrary
the case for dust (Fig. 6B), which exhibits an asymmetric d
production favoring the sunward direction. Despite the fact t
Hale–Bopp is the dustiest comet known, there is no evide
that addition polymers or grains contribute a significant
tended source for HCN monomers in Comet Hale–Bopp wit
10,000 km of the nucleus. Our results show that the high mix
ratio of HCN in Hale–Bopp is not causally related to the gra
seen at optical wavelengths. Our data do not test the presen
oligomers of HCN, since these would release NH2, CN, and C2

upon dissociation, but not HCN monomers. Regardless, HC
present in Hale–Bopp in greater abundance than in most o
comets, and our results suggest that most if not all of this H
is present as a nuclear ice.

Wright et al. (1998) mapped HCN in Hale–Bopp with th
BIMA interferometric array. They compared azimuthally ave
aged profiles with Haser models, inferring that up to 20% co
be produced from a distributed source at distances greater
10′′. However, small contributions from coma chemistry (Irvi
et al. 1998, Rodgers and Charnley 1998) or temporal variab
(Wright et al. 1998) could help account for the deviation fro
a Haser profile of a native parent. We find no evidence fo
distributed source within 10′′ of the nucleus, however our da
have insufficient sensitivity to confirm or rule out a small cont
bution from an extended source outside of 10′′ from the nucleus
(>12,000 km on April 29.9).

Jets of CN were discovered in Comet Halley (A’Hearnet al.
1986, Cosmoviciet al. 1988). These were distinct from du
jets seen at optical wavelengths, leading to the suggestion
some CN is released from very small organic grains such as
CHON particles found in that comet. Alternately, Combi (198
suggested that a gaseous parent of CN was confined in a j
the general coma gas. Klavetter and A’Hearn (1994) revis
this problem and concluded that∼50% of CN was released in
these jets, the remainder being released isotropically (all C
released from distributed sources). We see no evidence fo

of HCN in Hale–Bopp; however, long slit spectroscopy is not t
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optimum mode to study jets since detection depends on ove
of the slit with the jet.

The production rate for CN obtained 1997 May 1 (near t
time of our HCN observations of Apr 29.9) was about 1×
1028 molecules/s measured with an aperture 20–30′′ in diameter
(Schleicher 1999, personal communication), or∼1/3 of our pro-
duction rate for HCN. Photo dissociation of HCN by solar ra
ation produces CN with∼97% efficiency (Huebneret al. 1992),
so our measured production rate for HCN is more than adeq
to provide the CN observed—indeed, some CN is “missin
The reasons for this discrepancy are not yet resolved, but a
least partly related to the scalelengths used in the Haser m
to derive CN production rates. The abundance of HCN is la
enough to account for the entire retrieved production of C
however the spatial profile of the CN emission may not ma
with an HCN parent (Festouet al. 1998). If this were so, an al
ternate destruction mechanism would be needed for HCN—
that does not release CN. Evaluation of other potential sou
for CN (e.g., other volatiles or grains) must await revised mo
eling of CN production rates and measurements of the spa
distributions for CN and its potential parents in Comet Hal
Bopp (Festouet al. 1998, Woodneyet al. 1998).

The average rotational temperature retrieved for the (0
level in the intermediate coma (4′′–10′′ off the nucleus) for HCN
(122± 8) K is slightly higher than that for CO (106 K± 3 K in
a region 4′′–11′′ off the nucleus, DiSantiet al. 1999) for the
UT 1997 April 29.9 observations. An even lower temperatu
was retrieved for H2O (77 K,+11− 8 K, in a region 2′′–12′′

off the nucleus) on the same day (April 29.9) using the same
strument and common observing and analysis techniques (D
Russoet al. 2000). These differences likely reflect rotational e
citation and relaxation probabilities for the individual specie
which are controlled by dipole moments both for radiative co
ing and for collisional excitation by electrons (Xie and Mumm
1992). The rotational temperature for HCN increases with com
tocentric distance, similar to the behavior found for CO (DiSa
et al. 1999). Measurements of rotational temperatures in
ground vibrational level for other molecules at similar helioce
tric distance are consistent with the HCN and CO results (e
103± 7 K for CH3OH and CO, Biveret al. 1999), but a detailed
comparison is difficult because of observational and mode
differences.

The measurement of spatially resolved rotational tempe
tures for cometary volatiles provides a new and useful tool
studies of heating in the inner coma. With CSHELL, rotation
temperatures can be sampled with just a few grating setti
This technique will advance dramatically with the use of cro
dispersed instruments currently being developed. These will
mit spectrally resolved molecular bands to be sampled in a sin
exposure, enabling study of variable production rates and c
phenomena with greatly improved temporal resolution.

Additional work is needed to link the spatial character
HCN emission and its production rate with that of its propos
daughter products. Our group’s set of infrared detections
heComet Hale–Bopp and Comet Hyakutake includes emissions
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from many species linked to this question (NH3, NH2, CN, for
example) and will be used to further test the nature of HCN
comets.

ACKNOWLEDGMENTS

This work was supported by the National Science Foundation RUI G
AST-9619461, NASA JOVE program, Rowan University, and the NASA Pl
etary Astronomy Program under RTOP 344-32-30-07. We are grateful to
outstanding support from the staff of the NASA Infrared Telescope Facility.
University of Hawaii under contract to NASA operates the NASA IRTF. KM
thanks Rowan University undergraduate Kim D. Ha for her assistance in
project.

REFERENCES

A’Hearn, M. F., S. Hoban, P. V. Birch, C. Bowers, R. Martin, and D.
Klinglesmith, III 1986. Cyanogen jets in Comet Halley.Nature324, 649–
651.
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